Background
==========

Nanofluids, suspensions of nanoparticles, are increasingly being used in various industrial \[[@B1],[@B2]\] and medical applications \[[@B3]\].

Most of the industrial applications result from increased thermal conductivity, which was reported for the first time in the second half of the 90th twentieth century. Since then the announcement of the initial results of the measurement of thermal conductivity of these materials, researchers had been studying them very intensively \[[@B4]-[@B9]\]. A large number of papers on thermal conductivity of these materials have resulted in the formation of theoretical models of this issue \[[@B10]-[@B12]\].

Medical applications are possible thanks to the antibacterial behavior of certain types of nanoparticles \[[@B13],[@B14]\]. The issue of using nanofluids was then reduced to produce and use as a drug nanosuspension. In case of this type of application of nanofluids, not the thermal conductivity but the rheological properties of suspension are the most important factors.

Thermal conductivity of nanofluids depends on nanoparticle properties including material type, shape \[[@B15]\], size \[[@B16]\], aggregation \[[@B17]\], concentration, and type of base fluid. This parameters have also an influence on rheological behavior of nanofluids \[[@B18],[@B19]\].

Unfortunately, at the moment, there does not exist a coherent theoretical model of the rheological properties of nanofluids. There are works of Einstein \[[@B20]\] and many other scientists who have theoretically studied the viscosity of the suspension \[[@B21],[@B22]\]; but because of the unique properties of nanoparticles, these models cannot always be used to describe the nanofluids. Mackay et al. \[[@B23]\] presented non-Einstein-like decrease in viscosity of nanofluids caused by nanoscale effects.

There are a variety of methods of preparation of dry nanoparticles \[[@B24]-[@B26]\] since there is easy access to these materials and ability to use them in the production of nanofluids which will result in the further dynamic development of this field. As the base liquid, water \[[@B18],[@B27],[@B28]\], ethylene glycol \[[@B7],[@B29]\], diethylene glycol \[[@B30],[@B31]\], and ethyl alcohol \[[@B32],[@B33]\] are used.

Viscosity of liquid depends not only on the temperature and shear rate, but also on the pressure. Though the viscosity of the fluid decreases with increasing temperature, it generally increases with increasing pressure. The pressure exerted on the fluid causes the approach of the particles towards each other and the increase of the intermolecular interactions; therefore, the viscosity of the fluid rises. An increase of the viscosity is higher for the fluids with a more composite structure because it impedes the movement of the particles under pressure. Thus, the scale of the viscosity increase of the liquid with the pressure depends on the type of fluid. The use of low pressure causes a slight increase in the viscosity. Whereas this increment is significant at higher pressure, influence of the pressure on viscosity is almost directly proportional to the pressure from the atmospheric pressure up to 100 MPa. The enhancement of the pressure to about 100 MPa doubles the value of the viscosity of most of the organic liquids \[[@B34]\]. However, in the area of high pressure, the dependence of the viscosity on the pressure is not directly proportional.

In the case of lubricating oils, the viscosity under the pressure of 1,000 MPa may increase even up to 10^7^ times, in comparison to the viscosity under atmospheric pressure \[[@B35]\]. At pressure ranks of several thousands of MPa, the impact of the intermolecular repulsion is visible, and thus, a curve of increment of viscosity with increasing pressure asymptotically approaches to a constant value \[[@B34]\].

The exception is the impact of the pressure on the viscosity of water and aqueous solutions. With the increase of the pressure to about 100 MPa and over a temperature to about 30°C, the viscosity of water decreases. The viscosity of water increases until from the pressures reaching a value of above 100 MPa and 30°C. Schmelzer et al. \[[@B36]\] measured the viscosity of water in the pressure range of 0 to 100 MPa and at the temperature range of 0°C to 25°C. This experiment confirmed the unique properties of water viscosity.

Consideration of the viscosity of various types of liquids depending on the pressure is not only a theoretical issue, but has a large practical importance. Exact knowledge of the viscosity of water at various pressures is important in the interpretation of the impact of pressure on the heat transfer in the aqueous solutions, flow problems, and also on the electrical conductance of aqueous electrolytes \[[@B37],[@B38]\].

Horne and Johnson \[[@B39]\] measured the effect of hydrostatic pressure on the viscosity of pure water in the pressure and temperature ranges of 1 to 2,000 kg/cm^3^ and 2°C to 20°C, respectively, with a rolling ball type of viscometer. Using the same kind of viscometer, Stanley and Baten \[[@B40]\] measured the viscosity of water at pressures of 0 to 1,406 kg/cm^3^ and over a temperature range of 2°C to 30°C. In turn, Först et al. \[[@B41]\] presented experimental data for the viscosity of water at high pressures of up to 700 MPa in the temperature range of −13°C to 20°C with two different types of viscometers.

Whereas, Grimes et al. \[[@B42]\] showed experimental data on the viscosity of aqueous KCl solutions over the pressure range of 0 to 30 MPa and the temperature range of 25°C to 150°C using the oscillating-disk viscometer. The change of viscosity with pressure is of particular relevance in the field of lubrication.

On the other hand, the knowledge on viscosity of hydrocarbon mixtures under high pressure is also significant in the petrochemical industry. Oliveira and Wakeham \[[@B43]\] measured the viscosity of five different liquid hydrocarbons at pressures of up to 250 MPa in the temperature range of 303 to 384 K with a vibrating-wire viscometer.

Further, in the study of dynamic properties of ions or solvent particles at high pressures, the viscosity measurements of electrolyte solutions are important. The high-pressure viscosity is also relevant for many processes involving polymer solutions. From the other side, viscosity measurements under high pressures are also needed to estimate the diffusion rate of the particles in a fluid.

Thermophysical properties of nanofluids are also studied by others researchers. Pastoriza-Gallego et al. \[[@B18],[@B44]\] examined the volumetric behaviour and the viscosity of CuO and Al~2~O~3~ in water nanofluids. Experimental density measurements of CuO-water nanofluids were performed at the pressure range from atmospheric pressure to 45 MPa, and the temperature range of 283.15 to 323.15 K, with a 10-K step. In turn, density measurements of Al~2~O~3~-water nanofluids were executed at an atmospheric pressure of 25 MPa, and the temperatures of 283.15, 298.15, and 313.15 K. Additionally, the viscosity measurements at atmospheric pressure were carried out.

Cabaleiro et al. \[[@B45]\] also experimentally determined the influence of pressure on the density of TiO~2~-ethylene glycol nanofluids. It was found that the impact of particle size on density is slight, but it may not be ignored. On the other side, the variations in viscosity are significant thus must be taken into consideration for any practical application. For this reason, examination on the influence of pressure on viscosity of nanofluids may have great practical importance.

Electrorheology is a field of science which studies liquids, whose viscosity changes reversibly and continuously under the influence of an electric field. Therefore, the viscosity of electrorheological fluids changes under the impact of an applied voltage. The electrorheological fluid is a suspension of particles in a base fluid, and for this reason, the simplest explanation for the viscosity increase is to assume that under the influence of an electric field, the particles connect to each other to form an ordered chain, whose direction is consistent with the direction of the force field. It increases the flow resistance of the liquid phase.

Effect of increased viscosity is proportional to the electric field intensity. That phenomenon is reversible - after the resolution of the electric field, the liquid returns to its initial properties. The effect of 'curing liquid' under the influence of an electric field is also called the Winslow effect, after the name of the American inventor Willis Winslow who was the first researcher of this phenomenon, and published an article about it in 1949 \[[@B46]\]. 'Winslow liquids' were based on oil, which contained a suspension of starch, lime, gypsum, silicon dioxide, or carbon.

The current understanding of the microscopic phenomena is that it is believed to control the electrorheological effects, and the models used to describe macroscopic behavior is presented in the review of Parthasarathy and Klingenberg \[[@B47]\]. Additionally, Hao \[[@B48]\] described the physical backgrounds behind phenomenon of electrorheological fluids.

Due to their unique properties, electrorheological liquids are used as working fluids in various types of machinery and vehicles, including active vibration damping devices, shock absorbers, clutches, electrically controlled valves, and in aerospace applications. In order to increase machine efficiency and speed of movement of vehicles, newer and newer technologies are being looked for.

Currently, one of the important directions of work on improving the performance of machines and vehicle components of hydraulic subassembly is to improve the working fluid. The tests are carried out to search for new types of these liquids, such as fluids, whose properties can be altered by external influences. Therefore, works on the working fluids, whose viscosity can be varied continuously and reversibly by the electric field have a large perspective. This allows the control of devices with these liquids in a very simple way.

The main qualities of electrorheological fluids are their high yield stress and enhanced viscosity under an applied electric fields. Therefore, it is worth to study the electrorheological properties of various suspensions in order to seek out possible industrial applications wherein the suspensions of nanoparticles in the base fluid deserve particular attention.

Sheng and Wen \[[@B49]\] explored the interaction between nanoparticles and an electric field from the electrorheological point of view. The yield stress is one of the critical design parameters in a device containing the electrorheological liquid and has attracted substantial attention both theoretically and experimentally. Farajian et al. \[[@B50]\] theoretically investigated the yield stress in carbon nanotube suspensions under an electric field. On the other hand, Raykar et al. \[[@B51]\] reported the electrorheological properties of low-concentration Fe~2~O~3~ nanofluids prepared in ethylene glycol under the less influence of electric fields while Yin and Zhao \[[@B52]\] presented the recent researchers on electrorheology of various nanofiber-based suspensions, including inorganic, organic, and inorganic/organic composite nanofibers.

Viscosity of the electrorheological fluids depends primarily on the shear rate, electric field strength, and also the temperature. An important issue which could not be neglected in the course of the examination of suspension is the problem of ensuring the stability of the dispersion of the particles and their protection against agglomeration and sedimentation \[[@B53]\]. The long-term sedimentation causes loss of the electrorheological phenomenon despite the presence of the stimulating electric field.

Prekas et al. \[[@B54]\] reported the effect of temperature and surfactant concentration on the stability of electrorheology fluid prepared from zeolite particles and silicone oil.

Nanofluids may have many important applications in the industry and thus should be carefully studied, both in terms of occurrence of the electrorheological effects as well as other rheological properties. Therefore, further properties of MgAl~2~O~4~-diethylene glycol nanofluid were investigated and presented in the hereby paper.

Methods
=======

Dry nanoparticles
-----------------

Applied in the experiments, MgAl~2~O~4~ ceramic nanopowder was produced by Baikowski (Annecy, France, Italy). This nanopowder is commercially available as a magnesium-aluminum spinel (ID LOT: 101488). The average size of the nanoparticles which were used was 40 nm; it was measured with an X-ray diffraction technique (XRD) and scanning electron microscope (SEM).

An important application of the MgAl~2~O~4~ spinels nanopowder is its use for the preparation of the transparent ceramic \[[@B55]-[@B58]\]. Additional information about this process, properties of magnesium-aluminum spinel, and scanning electron microscope pictures are contained in \[[@B59]\].

Sample preparation
------------------

The samples of nanofluids containing different mass concentrations of MgAl~2~O~4~ nanopowder in diethylene glycol were prepared by using a two-step method. To disperse of the MgAl~2~O~4~ nanopowder in the base fluid, the strictly defined actions were sequentially performed. The first stage was to receive the undispersed nanofluid with desired concentration of nanopowder. It was done by putting a predetermined amount of ceramic nanopowder into a glass vessel placed on an analytical balance AS 220/X (Radwag, Radom, Poland). This balance has an accuracy of measurement of 0.1 mg, and its reliability is ensured by an internal calibration. Then, using a pipette, an addition of a pure diethylene glycol (DG), manufactured by Chempur (CAS: 111-46-6, Piekary Śląskie, Poland), was used to obtain an appropriate weight of sample. In order to achieve a mechanical stirring of components, the sample was placed in a Genius 3 Vortex (IKA, Staufen, Germany) for 30 min. In view of the possibility of emergence of sedimentation of nanoparticles, the sample was inserted into an ultrasound wave bath Emmi-60HC (EMAG, Moerfelden-Walldorf, Germany) for 200 min. At this time, acting ultrasonication destroyed agglomerates of nanoparticles and prevented re-agglomeration.

A special cooling system which allowed us to maintain the temperature in the bath below 25°C was used. All nanosuspension was performed in temperature less than 25°C. More information about the ultrasound wave bath and cooling system can be found in \[[@B60]\]. It is worth emphasizing that other scientists also use the ultrasonication bath as a method of dispersing of nanoparticles in the base fluid \[[@B21],[@B28],[@B61]-[@B63]\]. Nanofluids prepared for measurements with this method were stable for several hours.

Measuring system
----------------

Measurements characterizing the influence of pressure and electric field on viscosity of MgAl~2~O~4~-DG nanofluids were performed with use of a HAAKE MARS 2 rheometer (Thermo Fisher Scientific, Karlsruhe, Germany). It can be used to perform rotating or oscillating measurements. Furthermore, its modular constructions allow to adjust it for specific applications. This rheometer enables the regulation of torque from 50 nNm to 200 mNm and also the control of angular velocity from 10^−5^ to 1,500 rpm. The nozzle of the air bearing of the rheometer was connected with a compressor (FIAC Air Compressors, Bologna, Italy). Measurements were controlled using a HAAKE RheoWin Data Manager ver. 4.30.0022 (Thermo Fisher Scientific, Karlsruhe, Germany).

### Pressure chamber

Measurements of influence of pressure on viscosity of magnesium-aluminum spinel nanopowder suspensions in diethylene glycol were performed using a HAAKE MARS 2 rheometer in conjunction with the pressure chamber D100/200 (Thermo Electron Corporation, Karlsruhe, Germany) with a PZ38 (38-mm diameter of cylinder) concentric cylindrical geometry (Thermo Electron Corporation, Karlsruhe, Germany) and a hand pump ENERPAC (ENERPAC, Menomonee Falls, WI, USA). Additionally, for controlling the temperature within the measuring system, a liquid cooling system TEF/Z48 (Thermo Electron Corporation, Karlsruhe, Germany) connected with a thermostat HAAKE Phoenix 2 (Thermo Electron Corporation, Karlsruhe, Germany) was used. Temperature of the sample was controlled with an accuracy of 0.5°C.

The experimental system consists of static and rotating parts. Construction of the cylindrical pressure chamber is divided into three main parts.

The upper part creates the outer magnet (Figure [1](#F1){ref-type="fig"}(E)) which is attached to the drive shaft of the measuring head of the rhometer and the upper cover which is screwed on the middle part of the pressure chamber. The central section forms the stationary measuring cell composed of the manometer (Figure [1](#F1){ref-type="fig"}(C)), and the rupture disk and the ball valve (Figure [1](#F1){ref-type="fig"}(B)) which is linked through the viton tube with a cylinder of the hand pump. The rotor and the inner magnet, which is attached to the rotor, are inserted into the interior of the measuring cell. The rotor is located between two sapphire bearings and centered by two pins. One bearing is at the bottom side of the upper lid and the second bearing is at the bottom side of the chamber. It has a much higher surface hardness and thus are resistant to the friction of the rotating rotor. The lower part of the pressure chamber includes the base with the centering pin for the rotor, and the second pin is at the top side of the rotor. Furthermore, from the bottom side of the base, a temperature sensor can be connected; it allows to control the temperature of sample during the test. The lower part is screwed on the middle part of the pressure chamber.

![**Pressure chamber installed on HAAKE MARS 2 rheometer.(A)** hand pump ENERPAC, **(B)** valve connects the pump to the chamber, **(C)** gauge showing the current pressure in the chamber, **(D)** tubes supplying coolant thermostat, **(E)** outer magnet.](1556-276X-9-170-1){#F1}

The magnetic coupling between the outer and inner magnet is significant. The torque acting on the rotor is transferred from the drive shaft of the measuring head of the rheometer by the magnetic coupling, causing the rotation of the rotor. The gap between the rotor and the measuring chamber has to be completely filled by the sample.

Correct calibration of the measuring system eliminates unwanted physical effects and thus allows to obtain high-quality results. Thus, the results depend only on the sample, not affected by the system, so that the viscosity of the nanofluid is measured correctly. For properly prepared measuring of geometry, a drop of oil on the sapphire bearing in the upper cover of the chamber and a few drops of the diethylene glycol on the base of the measuring cup were applied. Furthermore, the parameters of correction of friction of the rotor and the procedure of the Micro Stress Control (MSC) in the RheoWin program had to be excluded.

The first step of the correct calibration was to determine the zero point used for the rotor. The calibration of pressure chamber was performed according to strictly defined steps. Firstly, it was important to determine the optimal measuring gap, namely a distance between the outer magnet and the upper cover of the measuring cup. For the pressure chamber D100/200, the appropriate measuring gap has a value of about 3 mm. However, it was reasonable to determine the optimal gap before each series of measurements. In order to set the proper value of the gap, the dependence between a normal force acting on the rotor and a width of the measuring gap should be appointed. The value of a certain normal force thus depends on the distance among the two magnets. Figure [2](#F2){ref-type="fig"} shows a sample curve which was received during the determination of the measuring gap. The rotor performed the rotation at an angular velocity of 1 rpm. The determination of the dependence of the normal force acting on the rotor as a function of the gap was performed from 0 to 12 mm, taking into account the large number of measuring points in the time of 720 s. For the values above 12 mm, the force of the magnetic field was so small that it was not enough for the transmission of the normal force acting on the rotor. The lower value of the gap means that the magnetic force was stronger.

![**Sample dependence of normal force (*F***~***n***~**) on the width of the measuring gap in unfilled pressure chamber.**](1556-276X-9-170-2){#F2}

Besides, four stages can be specified in the action of the normal force *F*~*n*~. Initially, the rotor rests on the lower sapphire bearing (the first stage). At that time, the value of normal force increases because the measuring head of the rheometer moves downwards; therefore, the magnetic coupling becomes stronger. This causes a jump of the rotor from the lower sapphire bearing to the upper sapphire bearing. At this moment, the normal force acting on the rotor decreases rapidly; it is visible on the presented curve in Figure [2](#F2){ref-type="fig"}. Then, the rotor is attracted by the upper bearing (the second stage); therefore, its weight is compensated by the magnetic coupling. The value of the optimal measuring gap is read when the normal force achieves its minimum value. This is both the maximum value of the magnetic force generated by the magnetic coupling. In the example presented in Figure [2](#F2){ref-type="fig"}, the optimal value of the gap was 2.95 mm. At this gap, the rotor levitates between the upper and lower bearing (the third stage) and the normal force has almost a constant value. Then the rotor rests on the lower sapphire bearing (the fourth stage) and the value of the normal force reaches the value of zero. Moreover, during the rotation of the rotor, the friction occurs on the sapphire bearings. The value of the friction changes depending on the normal force generated by the magnetic coupling. The lowest friction occurs when the gap is the widest (the first stage) and exactly before a jump of the rotor from the lower to the upper sapphire bearing. What is more, when the rotor levitates, the friction occurs just on the cylindrical borders of the sapphire bearings. What is interesting is that the lowest friction value is not achieved during the levitation stage, as might have been expected. This means that the friction on the cylindrical borders of the bearings has a relatively high participation in the absolute friction on the bearings.

The next step of the calibration was measuring the inertia of the rotor. It was determined for a specific measurement geometry. This function allows to specify whether there are any impurities on the surface of the rotor. In order to distinguish the statistical results, measurement was repeated five times. The final value of the inertia was calculated as an average from five measurements, and introduced to the settings of the rotor.

Subsequently, the procedure of MSC used for defining the microstrains which are generated during the operation of the rheometer was performed. The appointed value should be included for the current rotor used. The MSC values are subtracted from the results obtained during the relevant measurements.

The final step of calibration was the calculation of the friction correction parameters. For this purpose, the dependence of the friction on the sapphire bearings in the function of the rotation speed was determined. It is important to set the extent of the share rates in which the pressure chamber will be used because the same range should be applied during an appropriate measurement. Thus, it was the so-called 'on empty' measurement, i.e. without the sample in pressure chamber. A range of share rates from 0.01 to 1,000 s ^−1^ in time of 1,610 s was assumed. The resistances of friction depending on a rotation speed might be approximated with a mathematical equation:

$$M_{e} = a\Omega^{2} + {b\Omega} + c,$$

where *M*~*e*~ is the torque measured in empty chamber \[ *μ*Nm\], *Ω* is rotation speed \[1/min\], and *a* \[ *μ*Nm/(1/*min*)^2^\], *b* \[ *μ*Nm/(1/*min*)\], *c* \[ *μ*Nm\] are constant parameters of the quadratic polynomial.

The parameters of the quadratic polynomial were fitted to the measurement data. Results of calculation of the friction correction parameters are presented in Figure [3](#F3){ref-type="fig"}. This procedure can also be used to offset the impact of the friction in bearing in electrorheological measurements so the result on the application of this procedure in electrorheology is also shown in Figure [3](#F3){ref-type="fig"}.

![Sample on determination of friction correction parameters for pressure chamber and electrorheology system.](1556-276X-9-170-3){#F3}

These correction parameters *a*, *b*, and *c* have to be introduced into the properties of the rotor as 'torque correction' in the RheoWin software. During the experiments, the torque measured by the rheometer acting on the rotor angular velocity for a given contribution is subtracted from the friction. Therefore, the measurement result recorded are calculated as

$$M^{\prime} = M_{d} - \underset{M_{e}}{\underset{︸}{a\Omega^{2} + {b\Omega} + c}},$$

where *M*~*d*~ is the actually measured torque acting on the rotor, *M* is the torque used to calculate the viscosity of the sample, taking into account the effect of friction characteristic of the measurement geometry. The described procedure can be carried out only for the rotational measurement. In the case of oscillatory measurements, it does not work; so, in using the pressure chamber or electrorheological system, it is not possible to determine the viscoelastic properties of the material.

After the calibration of the pressure chamber, its position should not be altered. The pressure chamber was filled with the hand pump. By using the automatic measuring pipette, the sample was filled with carefully into the cylinder of the hand pump. After that, the sample was pumped into the measuring chamber. These activities were repeated until the complete filling of the measuring system. The volume of the sample during the measurements was 120 cm^3^. To increase the pressure in the measuring cell, the hand pump also was used. The pressure in the experimental system was raised to the value of 7.5 MPa. Before the start of the measuring series, we checked the measuring range of PZ38 cylindrical geometry. The lower measuring range is limited to two parameters: the lowest permitted torque acting on the rotor (a) at a low shear rate is 250 *μ*Nm, measuring points collected at lower values of torque may be considered as burdened with too much uncertainty and can be rejected and (b) at high shear rates and for materials with low viscosity, the Taylor vortices can be formed, which disturbs the laminar flow in the measuring chamber. Based on theoretical considerations, Taylor \[[@B64]\] predicted that when the inner cylinder is rotating, there should be a certain critical frequency of rotation above which, in the flowing fluid, creates a series of regular vortices that fill the annular gap between the cylinders. Taylor not only calculated the critical frequency of the rotation, but also experimentally proved the existence of vortices. Characteristically, spiral Taylor vortices proceed the transition to turbulent motion. The axes of the vortices formed in sections of the annular gap are parallel to the primordial direction of fluid flow.

For these reasons, it is important that the shear rate range during the calibration of friction corresponded to the measuring range of the test sample with a defined viscosity. The rotation measurements under the pressure of 7.5 MPa were performed at the shear rate range from 0.01 to 1,000 s ^−1^ in the logarithmic scale. This measurements were carried out in a step procedure (50 steps) in the controlled shear rate mode (CR), wherein each data point was taken after 100 s of a constant shear rate acting on the sample in the constant temperature of 15°C±0.5°C.

The measurement of the viscosity of the MgAl~2~O~4~-DG nanofluid at a pressure of 7.5 MPa was performed at the same temperature as experiments in atmospheric pressure presented in paper \[[@B60]\] and the obtained results were compated.

### Electrorheology system

In order to perform measurements determining the influence of the electric field on the viscosity of MgAl~2~O~4~-DG nanofluids, a special electrorheology system dedicated for HAAKE MARS 2 was mounted on the rheometer. In combination with the specially adapted ER-rotors, the electrorheology system can be used for applying a high tension voltage. The abbreviation ER is derived from the name of electrorheology. Figure [4](#F4){ref-type="fig"} presents the used electrorheological system before measurements.

![**System used to study rheological properties in electric field at position before measurement -- validation of system.(A)** a transfer element connection to the rotor through a ball bearing, **(B)** compressed air supply line to the cooling system rheometer, **(C)** a voltage generator, **(D)** multimeter.](1556-276X-9-170-4){#F4}

Electrorheological measurements require the use of a special high voltage supply unit MPC 14-2000 (F.u.G. Elektronik GmbH, Rosenheim, Germany), which is shown in Figure [4](#F4){ref-type="fig"}(C).

The maximum allowable power in the system was 10 W at DC voltages not exceeding 2,000 V and a current of 0.01 mA (according to instruction of ThermoScientific ver. 1.0).

For the measuring head of the rheometer, an ER-adapter device for AC/DC high voltage and a high voltage plug (Thermo Fisher Scientific, Karlsruhe, Germany) were attached (Figure [4](#F4){ref-type="fig"}(A)). ER-adapter unit with the plug and the high-voltage supply unit (Figure [4](#F4){ref-type="fig"}(C)) were connected to each other *via* a high tension cable.

The measuring geometry type of PP60 (plate-plate 60-mm diameter of plate) was used. The ER-rotor was attached to the motor drive shaft of the rheometer (Figure [4](#F4){ref-type="fig"}(A)). The ER-rotor passes through a hole with connector in the high-voltage plug. The rotor consists of a steel and a ceramic part for isolation. An important role was played by the steel ball-bearing, used to transition the high voltage onto a rotating steel shaft of the rotor, which was insulated from the rest of the system by the mentioned ceramic.

The voltage was transmitted thanks to the two contacts situated in a hole of the high-voltage plug. These contacts were in touch with the steel bearing of the rotor. Therefore, the rotational movement of the ER-rotor was related with the occurrence of a certain friction, which must be taken into account and corrected, so the measured values of viscosity are affected by the lowest error.

Additionally, the rheometer and the high-voltage supply unit were connected to each other *via* a grounding cable, which is designed to protect microelectronics of the rheometer against damage. Moreover, for the rheometer, it was connected to an air hose (Figure [4](#F4){ref-type="fig"}(B)), which supplied air with compressor situated in the laboratory.

The physical processes taking place in the assembled system can lead to the formation of electrorheological effects, which is an equivalent to the formation of agglomerates in the test sample (possibly under the influence of the Coulomb force) and then the formation of chains of agglomerates.

The positive electrode (Figure [5](#F5){ref-type="fig"}(E)), connecting the power supply unit with the high-voltage plug (Figure [5](#F5){ref-type="fig"}(D)), creates an electric field on the rotor (Figure [5](#F5){ref-type="fig"}(C)). Due to the low width of the gap and a relatively large area of measuring plate, it can be assumed that the force lines of electric field are perpendicular to the measurement plates (Figure [5](#F5){ref-type="fig"}(B)). The positive electrode 'receives' free electrons from the sample (Figure [5](#F5){ref-type="fig"}(A)), leaving an electron hole in their place. If the remaining particles are charged, action of the Coulomb force causes them to start to move in the direction of the electrode. In this way, in the structure of the test sample, the chains of agglomerates may be formed (Figure [6](#F6){ref-type="fig"}).

![**Diagram of electric field in mounted electrorheological system.(A)** Stable lower plate, **(B)** field lines, **(C)** ER-rotor, **(D)** ER-adapter, **(E)** positive electrode connected to a high-voltage power supply.](1556-276X-9-170-5){#F5}

![**Position of particles in diphase electrorheological fluid.(a)** In the absence of an electric field; **(b)** in the presence of an electric field.](1556-276X-9-170-6){#F6}

The same as in the case of pressure measurements before each test of the sample, the calibration of the entire system was performed. Firstly, the zero point for used ER-rotor was determined. During this procedure, the rotor was in contact with the bottom measuring plate. This operation was performed in order to obtain the repeatable gap. For the ER-rotor, the width of the gap was not determined, it was constant and equal to 1 mm.

Subsequently, the inertia was measured using the automatic function 'Device Manager', in the same way as that used for the pressure measurements described above. Wherein, the ball-bearing was not in contact with the hole of the insulted high-voltage plug. Thereby, the additional friction has not occurred. This was important because in this case, only the parameters of the ER-rotor is considerable. Then, the procedure of MSC, namely a reduction of microstrains generated in the engine of the rheometer at a torque value 50 nNm was performed, also in the same manner as that used for pressure measurements. This procedure was performed in the same way as inertia thus without contact between the bearing and the high-voltage plug.

At the end of calibration of the electrorheology system, the friction correction was carried out. The whole procedure was the same as in the case of pressure measurements (described in 'Pressure chamber'), although friction was derived from various elements of used geometry (friction of the sapphire bearing within the pressure chamber and friction of the ball bearing in electrorheology).

In addition, before the start of the measuring series, the measuring range of ER-geometry was checked. However, it is not suggested in the specification of the ER-rotor PP60, whereby it is recommended rejection of values less than 50 *μ*Nm. The measurement data, for which the moment of the force was less than 100 *μ*Nm, were rejected.

The original electrorheological system designed for HAAKE MARS 2 is not equipped with any diagnostic tool allowing to determine whether the system is working properly. It is not possible to check whether the sample is actually located in an electric field or not. Furthermore, before each series of measurements, the multimeter Rigol DM 3064 (Rigol, Beijing, China) was pinned to the rotor (Figure [4](#F4){ref-type="fig"}(D)). In this way, it was checked whether the voltage is correctly supplied to the rotor, and we are sure that each sample was measured in an electric field.

After completing all the calibration steps and finding that they were all carried out properly, the measurement of the earlier prepared sample was started. The sample of nanofluid with an automatic pipette on the lower measurement plate was applied, volume of the sample was 2.7 cm^3^. On the power supply unit, the desirable voltage was set, and then it was turned, thereby the voltage to the rotor was brought.

The first measurement was performed in the absence of voltage. Afterward, the sample has been tested for the following values of voltage: 500, 1,000, 1,500, and 2,000 V.

The measurements of dynamic viscosity curves were performed in a step procedure in the CR mode at the shear range from 1 to 1,000 s ^−1^ in the logarithmic scale. Each of the 30 steps took 100 s, wherein the value of the shear rate acting on the sample at that time was constant. The measurement points were collected on the basis of the results obtained in the last 3 s of a single step. In the course of measurements, it was not possible to maintain a constant temperature because an imposed mode of operation of the assembled system has made it impossible.

A thixotrophic behavior was observed upon measurement in CR mode performed in three steps. First sample was measured with increase of shear rate from 1 to 1,000 s ^−1^ in a time of 600 s. The second step was shearing the sample with a constant shear rate of 1,000 s ^−1^ used for 600 s. The third stage of experiment was the measurement with shear rate decreasing from 1,000 to 1 s ^−1^ in 600 s.

In view of the fact that the measuring geometry was an air-cooled system, it was not possible to achieve a constant temperature during the measurements. The system was purged with air at room temperature, and the lab has efficient air conditioning system. Nevertheless, temperature spread reached 1.5°C.

Results and discussion
======================

Pressure measurement
--------------------

A study to determine the dynamic viscosity curve of MgAl~2~O~4~-DG nanofluid under anisotropic high pressure was conducted. The experiment was performed on two samples of different mass concentrations of nanoparticles in nanofluid, namely 10 and 20 wt.%. The results of the measurements are presented in Figure [7](#F7){ref-type="fig"}, where there is a comparison to the results obtained during the experiment in the pressure chamber and under normal conditions, described in \[[@B60]\], full circles present viscosity values with a pressure of 7.5 MPa, while empty circles present those in normal conditions.

![**Comparison of dynamic viscosity of MgAl**~**2**~**O**~**4**~**-DG nanofluids in normal conditions \[**\[[@B60]\]**\] and under a pressure of 7.5 MPa.**](1556-276X-9-170-7){#F7}

The increase in viscosity of the material subjected to anisotropic pressure of 7.5 MPa was in the range from 10.04% to 22.04% for the 10% mass concentration of the nanoparticles in suspension. The suspension of 20 wt.% concentration of nanoparticles increase in dynamic viscosity from 6.19% to 19.54% in the tested range of shear rates. The test results clearly show that pressure affects on the dynamic viscosity of examined nanofluids, causes it to rise, but does not change the nature of the viscosity curve. The effect of maximum of viscosity curve for some shear rate could be seen and described in \[[@B60]\]. This demonstrates that this effect does not depend on the measurement method, or the nature of the measuring geometry used.

Electrorheology
---------------

A study on the impact of the applied electric field on the dynamic viscosity of MgAl~2~O~4~-DG nanofluids was performed. Experiments were conducted in the electric field intensity from 0 to 2,000 V/mm using the same measurement process used to study the material viscosity curves under normal conditions presented in \[[@B60]\]. The experimental results are summarized in Figure [8](#F8){ref-type="fig"}; various colors indicate the results for each value of the electric field, and the different types of points correspond to different mass concentrations of nanoparticles in nanosuspension.

![**Comparison of dynamic viscosity of MgAl**~**2**~**O**~**4**~**-DG nanofluids at various intensities of electric field in temperature*(22.5±1.5)°*C.** Different types of points correspond to different mass concentrations of nanoparticles in nanofluid; colors indicate different intensities of electric field.](1556-276X-9-170-8){#F8}

Reasons for differences between the results of measurements of dynamic viscosity of nanofluids in the same mass concentration of nanoparticles at various values of the electric field should be sought in imperfection of measurement system, in which it is impossible to make measurements at constant temperature. As previously described, an air-cooled system can work only in room temperature; a cooling system is effective at temperatures higher than 40°C. In the Laboratory of Biophysics at Rzeszów University of Technology, measurements were conducted in an operational air conditioning system, but in spite of this, there is a fluctuation in air temperature. The measurement data were collected in temperatures ranging from 21°C to 24°C. Based on this information, it can be assumed that the electric field does not affect the dynamic viscosity of the test material in the test range of electric field.

Other tests were conducted on MgAl~**2**~**O**~**4**~**-DG nanofluid to study the effect of the electric field on a substance's thixotropic behavior. The method of measurement was analogous to the measuring of thixotropy under normal conditions presented in \[**\[[@B60]\]. The results of these measurements are summarized in Figure [9](#F9){ref-type="fig"}; various colors indicate the results for each value of the electric field, and the different types of points correspond to different mass concentrations of nanoparticles in nanosuspension.

![**Comparison of thixotropic properties of MgAl**~**2**~**O**~**4**~**-DG nanofluids at various intensities of electric field in temperature*(22.5±1.5)**°*C.** Different types of points correspond to different mass concentrations of nanoparticles in nanofluid; colors indicate different intensities of electric field.](1556-276X-9-170-9){#F9}

Presented data show that an applied electric field does not affect the thixotropic behavior of the tested materials; any differences are due to the lack of capacity to perform measurements at a constant temperature.

MgAl~**2**~**O**~**4**~, in the macroscopic scale, is a material used for the production of transparent ceramics, which can be used as an insulator. It was to be expected that nanoparticles of this material are non-polar and the effects of electrorheological properties may not be noticeable. However, due to the fact that repeatedly observed change in physical properties of materials at the nanoscale, the material should be examined for such behavior.

Conclusions
===========

The paper presents new experimental data on rheology of MgAl~**2**~**O**~**4**~-DG nanofluids.

Samples were measured under the anisotropic pressure of 7.5 MPa to determine viscosity curves in these conditions. It showed an increase in dynamic viscosity compared to the results obtained at atmospheric pressure, which did not show a change in the nature of the viscosity curve.

A study has also been conducted on viscosity curves and thixotropic properties for different mass concentrations of nanoparticles in nanofluid, depending on the intensity of the applied electric field. There was no influence of the electric field on dynamic viscosity and thixotropic properties of the tested materials.

The paper demonstrates that the electric field has no effect on the rheological properties of the MgAl~**2**~**O**~**4**~-DG nanofluids. This is a very valuable information for potential industrial applications because it shows that one can use these nanofluids in the presence of an electric field without worrying about changing the viscosity of the material in these conditions.

Despite the use in the studies of three different types of measuring geometries (a) coaxial cylinders in pressure chamber, (b) plate-plate geometry in electrorheological study, and (c) double cone geometry in experiments under normal conditions \[[@B60]\], the character of dynamic viscosity curve for the tested material remains unchanged. On the viscosity curves, there can still be observed areas in which the viscosity decreases, increases, and decreases again. Thus, it was demonstrated that, beyond any doubt, this behavior does not depend on the type of measurement geometry used.
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